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ABSTRACT 

Photonic  thin  films  have  been  grown  on  a  variety  of  substrates  using  plasma  enhanced 
chemical  vapor  deposition  (PECVD)  of  organic  monomers,  namely  benzene  and 
octafluorocyclobulane  (OFCB),  Films  produced  by  both  homo -polymerization  and  co¬ 
polymerization  have  been  prepared  and  analyzed.  In  order  to  introduce  significant 
contributions  from  OFCB  into  co -polymerized  films,  the  OFCB  was  introduced  directly 
into  the  plasma  zone  and  the  benzene  flow  was  reduced  to  a  lowr,  stable  level  using  a 
high-accuracy  metering  valve.  The  films  have  been  characterized  by  x-ray  photoelectron 
spectroscopy  (XPS)?  Fourier  transform  infrared  spectroscopy  (FTIR)  and  variable- angle 
spectroscopic  ellipsometry  (VASE),  with  an  emphasis  on  XPS.  Apart  from  determining 
the  atomic  composition  of  the  films  with  XPS,  it  was  extremely  valuable  in  determining 
the  chemistry'  of  the  films.  Studios  of  the  mechanisms  of  the  homo-  and  co¬ 
polymer  ization  reactions  have  aided  in  the  fabrication  of  photonic  films.  The  effects  of 
monomer  feed-in  rates  were  applied  to  manipulate  the  composition  and  chemistry  of  the 
deposited  films  to  achieve  the  required  optical  properties,  Applications  of  PECVD  to 
fabricate  a  notch  filter  and  an  anti-reflective  coating  are  also  provided. 
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1.  Introduction 


Thin  films  have  been  used  to  produce  anti-reflection  coatings,  narrow-notch 
filters,  and  high-efficiency  broadband  mirrors,  with  their  performance  determined  by 
spatial  control  of  the  refractive  index  profiles.  Usually,  these  films  are  made  by 
depositing  inorganic  precursor  materials  using  chemical  vapor  deposition  (CVD),  The 
large  refractive  index  range  of  inorganic  materials  and  their  low  absorption  coefficients 
are  the  reasons  that  they  are  normally  used.  These  materials  are  also  suited  for  CVD 
processing,  and  CVD  allows  simultaneous  deposition  of  two  or  more  components  in 
order  to  make  special  refractive  index  profiles.  Organic  materials  offer  several 
advantages  over  inorganic  materials  such  as  compatibility,  processability,  and  cost,  and 
the  use  of  polymers  as  optical  components  is  growing. 

Simple  one-dimensional  stacks  of  polymer  films  were  reported  almost  20  years 
ago  [1].  Recently,  considerable  activity  has  been  centered  on  the  use  of  polymer-based 
.platforms. .incLuding-pol.ymeric.hy.dmgels. [2,3.],. hlackxQpolymers  [4,5],  Mid 
organic/organic  hybrids  [6,7]  as  optical  band  gap  materials.  The  success  in  producing 
one-dimensional  multilayer  interference  films  using  organics  lies  in  the  refractive  index 
difference  between  the  materials,  optical  thickness  control,  and  the  number  of  layers  that 
can  be  grown.  Limitations  with  or  games  include  the  small  range  of  refractive  indexes  and 
dimensional  control  of  periodicity.  Easily  processed,  commercial  optical  polymers  have 
refractive  indexes  in  the  range  of  1.4  to  1 .6  [8],  and  thicknesses  of  about  75-100  run 
■would  be  required  for  multilayer  stacks  in  the  visible.  Good  thickness  control  at  this  level 
is  therefore  important. 

For  high,  narrow  notch,  reflectivity',  the  most  important  factor  is  tire  refractive 
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index  contrast  [9J.  The  contrast  can  be  produced  in  different  ways,  such  as  the  classic 
AJBAB  stack  or  the  rugate  profile  [10],  The  rugate  profile  has  better  overall  control  of 
notch  depth  and  width  as  well  as  increased  transmission.  Therefore,  to  produce 
continually  varying  refractive  index  profiles,  co-deposition  of  high  and  low  refractive 
index  materials  must  be  achievable,  Plasma  enhanced  chemical  vapor  deposition 
(PECVD)  offers  the  promise  of  dense  cross- linked  fiims  with  variable  refracti  ve  index, 
and  is  the  deposition  method  used  in  the  work  reported  here.  Plasma  polymerization  of 
organic  materials  is  well  known  and  many  studies  have  been  reported  [1 1-1 3],  It  is  a  dry 
deposition  method,  it  is  suitable  for  automation,  the  films  have  good  adhesion  with  many 

substrates,  and  the  surfaces  do  nothave  to  be  flat.  Compared  with  conventional  wet _ 

techniques,  it  produces  very  little  waste.  By  adjusting  the  PECVD  parameters,  the 
chemistry  and  growth  rate  can  be  varied,  and  when  depositing  two  precursors 
simultaneously  a  refractive  index  intermediate  between  the  two  starting  materials  is 
obtained. 

In  this  work,  benzene  and  octalluoro cyclobutane  (OFCB)  wrere  used  as  the 
precursor  materials,  benzene  for  a  high  refractive  index  and  OFCB  for  a  low  refractive 
index.  Thin,  plasma  polymerized  (PP)  films  of  each  precursor  wrere  grown  and 
characterized  with  x-ray  photo  electron  spectroscopy  (XPS),  Fourier  transform  infrared 
spectroscopy  (FTIR)  and  variable-angle  spectroscopic  ellipsometry  (VASE).  The 
refractive  indexes  and  composition  were  measured.  This  information  was  used  to  design 
and  fabricate  a  notch  filter  using  a  multi-layer  stack  of  PP -benzene  and  PP-OFCB  films. 
Co-polymerized  films  were  also  grown  and  characterized.  Initially,  incorporation  of  the 
OFCB  precursor  into  the  films  was  low,  but  this  was  overcome  with  a  change  in  gas  inlet 
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position  in  relation  to  the  plasma.  This  enabled  a  six-layer  antireflection  coating  to  be 
fabricated,  showing  that  PECVD  can  be  used  to  fabricate  complex  photonic  film 
structures  using  organic  precursors. 

2.  Experimental  procedure 

2.1  Plasma  enhanced  CVD  reactor 

A  schematic  of  the  PECVD  reactor  used  in  this  work  is  shown  in  Fig.  1.  Argon 
(99.999%  purity)  was  used  as  the  noble  gas  for  the  plasma,  and  flowed  at  a  rate  of  50-200 

seem  into  the  1 0  cm  diameter  glass  reactor  at  0.66-1,3  mbax  through  a  capacitively _ 

coupled  radio- frequency  (13,56  MHz)  discharge  between  parallel  plates  at  5-30  W. 

Vapor  from  HPLC  grade  benzene  (Aldrich,  purity  99.9%)  wras  used  as  the  high 
refractive  index  precursor,  and  OFCB,  C4F8  (SynQuest,  purity  99%)  was  used  as  the  low 
refractive  index  precursor.  The  benzene  reservoir  was  maintained  at  1 9.0  ±  0,1  &C  using  a 
water-bath  thermostat.  The  OFCB  flow  rate  (0.5-5  seem)  was  controlled  using  a  "Sierra 
9 02C  flow  controller.  The  benzene  vapor  flow  rate  was  controlled  at  low  flow  rates 
(0.001  -  0.5  seem)  with  a  manually  adjusted  high- accuracy  metering  valve,  and  at  high, 
flow  rates  (>  1  seem)  using  a  Sierra  9Q2C  controller.  The  liquid  benzene  and  the 
compressed,  gaseous  OFCB  were  used  without  any  further  purification. 

For  growing  homo -polymerized  films,  the  precursor  benzene  vapor  and  OFCB 
gas  were  fed  into  the  afterglow  region,  7  cm  downstream  from  the  center  of  the  plasma 
generation  zone,  The  substrate  was  located  about  1-3  cm  further  downstream.  Films  were 
deposited  on  silica,  glass,  silicon  urafers,  or  IR  transparent  salt  plates.  For  co-polymer 
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films,  the  OFCB  was  introduced  directly  into  the  plasma  zone, 

2.2  Characterization  of  the  films 

X-ray  Photo  electron  Spectroscopy  (XPS)  was  performed  using  a  Surface  Science 
Instruments’  M-Probc  Spectrometer  equipped  with  a  monochromatic  A1  Ka  X-ray  source 
(energy  1486,6  eV),  The  surface  composition  for  each  sample  wras  determined  from, 
survey  scans  taken  between  0  and  1000  eV  binding  energy,  with  an  analyzer  pass-energy 
of  150  eV  (corresponding  to  an  energy  resolution  of  about  1 ,5  eV),  Carbon  surface 
chemistry  was  determined  from  higher  energy  resolution  spectra  over  a  narrower  energy 
range.  The  analysis  area  on  Cue  samples  was  400  pm  x  1000  pm. 

Fourier  transform  infrared  spectroscopy  (FTIR)  was  used  to  identify  the 
functional  groups  in  the  deposited  films.  Films  were  deposited  directly  onto  KBr  disks  in 
the  reaction  chamber  for  FTIR  analysis  in  tire  transmission  mode.  The  FRIR  analysis  was 
performed  using  a  Perkin-Elmer  Spectrum  2000  FTIR  spectrometer,  A  range  of  400  - 
_ AJQ.QQ.  cm! 1  was  measured  in  1  jCnf!_StepS .  .  _ 

Variable -angle  spectroscopic  ellipsometry  (VASE)  was  used  to  determine  the 
refractive  index,  absorption  coefficient,  and  thickness  of  the  films,  A  Woollam  VASE 
system  equipped  with  a  VB-200  ellipsometer  control  unit  and  a  CVI  Instruments 
Digikiom  242  monochromator  with  100  W  mercury  and  75  W  xenon  sources  was  used. 
Data  analysis  was  performed  using  WVASE32  software.  The  reflected  polarization  states 
were  measured  over  the  300  —  900  nm  range  in  I  nm  steps  and  at  angles  of  incidence  of 
55°,  65°,  and  75°. 
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3 ,  Results  and  discussion 


3,1  Homo-polymerized  films 

For  growing  homo-polymerized  films,  benzene  or  OFCB  was  introduced  into  the 
afterglow'  region,  7  cm  downstream,  from  the  plasma  zone.  XFS  survey  scans  obtained 
from  PP-benzene  and  PP-OFCB  films  are  shown  in  Fig,  2,  Note  the  presence  of  several 
atomic  percent  oxygen  on  the  surface  of  the  PP-benzene  film.  Nitrogen  (~  0.5  -  1  atomic 
%)  was  also  often  observed  on  films,  The  oxygen  is  mainly  a  surface  contaminant  formed 
after  exposure  of  the  film  to  air,  possibly  due  to  radicals  retained  on  the  surface  of  the 
polymerized  film  after  growth.  Sputtering  a  PP-benzene  film  with  argon  in  the  XPS 
system  showed  that  the  oxygen,  concentration  rapidly  reduced  to  -  1  atomic  percent,  and 
that  the  oxygen  again  increased  after  a  subsequent  exposure  to  air.  The  nitrogen  did  not 
change  significantly,  and  was  -0.5-1  atomic  %.  Tins  is  illustrated  in  Fig.  3,  wfiere  XPS 
spectra  are  shown  (a)  for  a  PP-benzene  film,  (b)  after  sputtering  with  argon  for  10  min, 
and  .(c)  after  exposure  to  air  for  30  min.  The  oxveen  concentration  was  much  lower  on 
the  surface  of  the  PP-OFCB  films  (-  0.5  -1  atomic  %),  as  would  be  expected  due  the 
presence  of  the  electronegative  fluorine.  Fig.  2(b).  The  nitrogen  content  was  also  ~  0,5  - 
1  atomic  %, 

The  fluorine  to  carbon  atomic  concentration  ratio  in  the  OFCB  films  was  about 
1.8,  slightly  less  than  the  value  of  2  for  the  OFCB  precursor,  G^Fg.  However,  the  carbon 
and  fluorine  chemistries  in  tire  PP-OFCB  film  were  found  to  be  quite  different  from  those 
in  OFCB,  This  is  illustrated  in  Fig,  4(h)  wfiere  the  C  Is  XPS  spectrum  from  a  PP-OFCB 
film  is  shown.  It  can  he  seen  that  there  are  (at  least)  four  peaks  in  the  spectrum,  indicating 
(at  least)  four  different  carbon  chemistries  in  the  film  due  to  the  four  observed  C  Is 
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binding  energies.  The  carbon  chemistries  correspond  to  (from  high  to  low  binding 
energies)  CF3,  OF;,  CF,  and  CC  bonds,  and  the  relevant  concentrations  of  each  can  be 
obtained  by  curve  fitting  the  spectrum  with  four  peaks.  Any  small  contribution  to  the  C 
chemistry  from  the  0.5  —  1  atomic  %  oxygen  or  nitrogen  wras  not  included  in  peak  fits. 

The  fluorine  concentration  determined  from  XPS  agieed  very  closely  with  that  required 
to  satisfy  the  intensity  of  the  CFj,  CF;,  and  CF  peaks  in  the  C  1  s  spectrum.. 

The  C  Is  lineshape  from  a  PP-benzene  film  is  shown  in  Fig,  4(a),  Besides  the 
main  peak  and  its  associated  broad  loss  structure  at  higher  binding  energies 
(corresponding  to  lowrer  electron  kinetic  energies),  there  is  a  shake-up  peak  about  7  eV  on 
the  high  binding  energy  side  of  the  mam- peak.  This  shake-up  peak  indicates  a  high 
degree  of  unsaturated  carbon  on  the  PP-benzene  film,  despite  its  relatively  small  intensity' 

[14]. 

FTIR  showed  that  the  original  OFCB  ring  structure  was  almost  entirely  destroyed 
during  plasma  polymerization,  and  that  several  different  CF*  structural  groups  were 
present  in  the  film  [15].  This  agrees  with  the  XPS  results  obtained  from  the  PP-OFCB 
film  reported  above,  FTIR  studies  of  the  PP-benzene  film  showed  some  retention  of 
aromatic  and  conjugated  structures,  in  agreement  with  the  XPS  results, 

VASE  measurements  showed  a  large  difference  in  refractive  index  between  the 
PP-benzene  and  the  PP-OFCB  films.  At  632,8  run,  the  refractive  index  of  the  PP-benzene 
film  was  1,62  whereas  that  of  the  PP-OFCB  was  1,37.  Co-polymerized  films  from 
benzene  and  OFCB  wmuld  then  allow  films  with  refractive  indexes  between  these  two 
values  to  be  fabricated. 

3.2  Co-polvmerized  films 
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Initially*  when  eo-polymerized  films  using  benzene  and  OFCB  were  grown,  it 
was  very  difficult  to  include  significant  contributions  from  the  OFCB  into  the  films.  Even 
when  the  OFCB  flow  rate  was  at  its  maximum  (5  seem)  and  the  benzene  was  at  its 
minimum  (0,5  seem),  XPS  showed  that  the  fluorine  concentration  in  the  film  was  less 
than  5  atomic  %.  Changes  in  the  plasma  power  and  argon  £lowr  rate  also  were  not 
effective  in  increasing  the  fluorine  content.  The  FTIR  spectrum  from  such  a  film  was  also 
very  similar  to  the  spectrum  from  PP-benzene,  and  only  traces  of  vibrations  due  to  CFX 
groups  were  seen.  Further,  VASE  showed  that  the  co-pc lymerized  films  always  had  a 
high  refractive  index  that  was  close  to  that  from  PP -benzene.  Thus,  there  wras  excellent 

•agreement  between  the  XPS,  FUR,  and  VASE  results*  in  that  only  a.  small  contribution _ 

from  OFCB  was  present  in  the 'films. 

Plasma  co-polymerization  is  much  more  complex  than  homo-polymerization 
because  of  interactions  between  the  monomers  in  the  various  stages  of  the  reaction 
process,  such  as  initiation  and  deposition.  Because  of  the  low  contribution  of  OFCB 
when  it  was  introduced  into  the  afterglow  region,  it  appears  that  the  lower  energy 
required  to  break  the  it-bond  of  benzene  (2,74  eV),  compared  to  C-F,  C-H  and  C-C  bonds 
(5.35, 4,30  and  3.61  eV  respectively),  results  in  a  higher  probability  that  the  7i-bonds  of 
aromatic  rings  are  more  easily  opened  when  both  the  benzene  and  OFCB  are  present. 
Also  on  opening  the  it-bond,  the  breaking  of  the  C-C  bond  in  the  benzene  ring  is  more 
probable  than  the  dissociation  of  the  C-C  bond  in  OFCB  due  to  the  spatial  hindrance  of 
the  fluorine  atoms  in  OFCB,  This  is  supported  by  the  fact  that  PP-OFCB  films  have  a 
much  lower  (up  to  10  times)  deposition  rate  than  PP-benzene  under  identical  conditions. 
Therefore,  two  important  changes  were  made  in  an  attempt  to  introduce  higher 
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contributions  of  OFCB  products  into  the  films  and  allow  a  wide  range  of  refractive 
indexes  to  be  available  for  co-polymerized  films,  These  changes  were  (a)  to  introduce  the 
OFCB  directly  into  the  plasma  zone  (rather  than  7  cm  downstream  in  the  afterglow 
region)  thereby  ensuring  a  larger  quantity  of  CFX  reactive  species  due  to  the  longer  time 
in  the  plasma  region,  and  fb)  to  further  reduce  the  benzene  flow'  rate  by  using  a  manually 
adjustable,  high  accuracy  flow  valve. 

These  two  modifications  allowed  films  to  be  grown  with  specific  refractive 
indexes  between  those  of  PP-benzene  and  PP-OFCB.  Two  homo -polymerized  films  and 
several  co-polymerized  films  were  grown  to  calibrate  the  polymerization  for  sets  of 
precursor  flow  rates!  The  flowrates  of  benzene  and  OFCB.  feed  ratios  (defined  here  as— 
benzene/(benzene  +  OFCB))  and  the  fluorine/carbon  atomic  ratios  (from  XPS)  are  listed 
in  Table  1 .  'The  OFCB  flow  rate  was  between  0.5  and  3  seem,  whereas  the  benzene  flow 
rate  was  much  lower  (0,004  -  0.1 8  seem).  The  refractive  indexes  of  the  films  were 
determined  by  VASE  and  it  was  found  that  the  refractive  index  had  a  near-linear 
relationship  on  the  fluotine/carbon  atomic  ratio.  This  is  shown  in  Fig,  5,  and  it  can  be 
seen  that  the  refractive  index  decreased  from  1.62  to  1.37  as  the  fluorine  content 
increased, 

XPS  showed  that  the  chemistry'  of  the  films  varied  considerably  with  the 
monomer  feed  ratio,  as  illustrated  in  Fig,  6,  It  is  obvious  from  this  figure  that  plasma 
polymerization  induces  the  formation  of  various  fluorine  species,  including  CF3,  CFj,  and 
CF  and  that  these  species  experience  relative  intensity  changes  with  the  fluorine/carbon 
ratio  in  the  films,  These  spectra  were  curve  fit  using  the  four  components  shown  in  Fig. 
4(b).  and  the  intensities  of  the  CF;,,  CF-.,  and  CF  components  with  different  monomer 
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feed  ratios  are  shown  in  Fig,  7.  The  remaining  intensity  is  from  C-Cs  C-H  and  similar 
species,  Ring  breakage  of  GFCB  produces  many  other  reactive  fluorocarbon  species 
besides  the  basic  structural  component  CF2  due  to  the  complicated  reactions  occurring 
during  the  plasma  process.  The  CF  moieties  can  be  created  from  the  depletion  of  CF2  by 
liberating  a  fluorine  atom  in  the  plasma  reaction  zone  [16],  while  the  terminal  group  CF3 
can  be  formed  in  the  gas  phase  by  unimolecular  rearrangement  [17],  ion-molecular 
collisions  [1 8],  or  after  film  formation  by  ion  bombardment  [19].  As  the  benzene  fraction 
increases,  the  CF2  contribution  decreases  rapidly  at  first  and  then  decreases  more  slowly. 
XPS  shows  that  only  about  1/3  of  the  fluorine  content  is  due  to  CF2  in  the  homo- 
pelymerized  film  as  compared -to-thc  starting  precursor  which  is  Gompo-scd-entircly  of 
CF2-  The  CFj  component  also  shows  a  monotonic  decline  similar  in  appearance  to  CF2. 
The  CF  component  behaves  quite  differently,  For  the  PP-OFC6  film  (Sample  F),  CF 
occupies  about  23%  of  the  total  carbon  population.  With  a  small  addition  of  benzene,  the 
CF  content  jumps  to  29%  (Sample  BF1),  continues  to  increase  to  a  maximum  above  35% 
(sample  BF3)  and  then  begins  to  drop  writh  additional  benzene,  Therefore,  with  increasing 
benzene  content,  the  primary-  fluorine  component  changes  from  CF;  to  CF,  However,  the 
sum  of  the  fluorine  components  remains  nearly  constant  when  the  benzene  feed  share  is 
low,  close  to  75%,  and  then  decreases  after  the  B/(B+F)  ratio  passes  0.004  (Sample  BF3). 

These  XPS  results  are  supported  by  FTIR  results,  the  details  of  which  will  be 
published  elsewhere  [20],  Briefly,  a  comparatively  broad  peak  spanning  1 OOG  to  1450 
cm'1  is  due  to  a  convolution  of  CFn  (n  =  1-3)  stretching  modes,  including  a  peak  at  about 
1220  cm'1  from  CF2  vibration,  one  at  around  1255  cm''  from  CFr-CXy  stretches,  and  one 
at  about  1060  cm'1  from  the  CF  stretch  in  H2CF,  The  lack  of  any  distinction  between 
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different  CFrt  (n  =  1-3)  vibration  modes  implies  that  the  films  have  an  amorphous  and 
disordered  structure.  Two  small  broad  peaks  at  about  740  and  1740  cm'1  are  attributed  to 
vibrations  from  amorphous  fluoro-materials,  and  CF-CFj  vibrations  and/or  zone  center 
CFi  system  stretching,  respectively.  The  presence  of  these  vibrations  indicates  the 
existence  of  cros  slinking  [21].  As  the  concentration  of  benzene  increased,  the 
characteristic  features  of  fluorine  components  progressively  decreased,  most  noticeably 
by  the  eventual  disappearance  of  the  broad  peak  spanning  1 000  to  1450  cm  l. 

3.3  Fabrication  of  a  notch  filter 

As  mentioned  above,  the  PP -benzene  and  FP-OFCB  films  had  refractive  indexes 
of  1,62  and  1.37  respectively.  This  large  difference  was  exploited  to  make  a  ihuFtFTayer 
interference  filter.  Using  these  refractive  indices  measured  from  ellipsometry  and 
deposition  rates  measured  from  experiment,  a  10-bilayer  stack  was  designed  and  grown 
by  PECVD  to  make  a  notch  filter.  The  thicknesses  of  the  individual  layers  were 
calculated  from  the  quarter- wavelength  condition  and  the  layers  were  deposited  onto 
quartz.  The  transmission  spectrum  of  the  multi-layer  stack  is  shown  in  Figure  8  along 
with  the  design  spectrum,  The  positions  of  the  peaks  and  the  magnitude  of  the  notch  are 
in  good  agreement.  This  indicates  good  control  over  the  deposition  conditions  and  also 
that  PECVD  of  organic  precursors  can  be  utilized  to  deposit  optical  films  with  good 
thickness  control.  SEM  studies  of  the  cross-section  of  the  10-bilayer  stack  show  that  the 
individual  layers  are  dense  and  have  good  adhesion  [15], 

3.4  6-layer  antireflection  coating 

Since  the  refractive  index  depends  linearly  on  the  fluorine/carbon  atomic  ratio 
(Fig.  5),  films  with  any  refractive  index  between  the  two  extremes  (1 ,62  and  1.37)  can  be 
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grown  by  adjusting  the  feed  rate  ratio,  To  demonstrate  this  design  flexibility  using 
PECVD,  6 -layer  anti  reflection  coatings  were  designed  for  BK7  and  F2  glass  substrates. 

In  these  designs,  the  refracti  ve  index  of  the  first  layer  is  the  same  as  the  substrate  and  the 
other  layers  have  gradually  decreasing  refractive  indices,  terminating  with  a  coating  of 
PP-OFCB.  Such  coatings  have  improved  performance  over  single  layer  antireflection 
coatings  using  magnesium  fluoride.  An  example  of  the  improved  transmission  for  BK7 
glass  is  shown  in  Pig,  9.  The  uncoated  glass  has  a  transmission  of  91 .8  %  between  400 
and  700  ran,  and  this  increased  to  93,  a  %  between  500  and  700  nm  when  coated  on  one 
side.  A  comparison  between  the  designed  performance  and  the  experimental  result  is  also 
shown  in-Fig,  -9,  Note -that  this  agreement  is  excellent  above-500  nm,  but  the  transmission- 
drops  below  500  nm  due  to  the  small  absorption  coefficients  of  the  films.  For  F2  glass, 
the  transmission  increased  from  89.5%  to  93.0%  after  coating  one  side,  and  to  96.2%  (at 
600  nm)  after  coating  both  sides.  The  transmission  of  96.2%  after  coating  both  sides  of 
the  F2  glass  window  was  in  excellent  agreement  with  the  design  transmission,  96.4% 

[22].  . . ■  . . 

4.  Conclusions 

The  usefulness  of  XPS  In  characterizing  homo-polymerized  films  of  benzene  and 
OFCB  has  been  shown,  XPS  wras  also  instrumental  in  characterizing  co-polymerized 
films  using  benzene  and  OFCB  precursors,  showing  that  the  small  changes  in  refractive 
index  observed  were  due  to  the  inability  to  incorporate  significant  contributions  fiom 
OFCB  into  the  films  when  both  precursors  were  admitted  7  cm  downstream,  in  the 
plasma  afterglow  region,  When  the  OFCB  was  introduced  directly  into  the  plasma  zone, 
XPS  showed  significant  contributions  from  OFCB  components  in  the  films  and  the 
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refractive  index  could  now  be  varied  between  those  of  PP -benzene  and  PP-OFCB  by 
adjusting  the  feed  rate  ratio.  XPS  was  also  used  to  characterize  the  CF*  components  in  the 
films.  The  complementary  nature  of  XPS,  FTIR  and  VASE  has  also  been  illustrated, 
Finally,  applications  of  PECVD  to  grow  a  notch  filter  and  an  anti-reflective  coating  wrere 
demonstrated,  and  good  experimental  agreement  with  the  coating  designs  was  obtained. 
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Table  1:  OFCB  and  benzene  feed  volume  rates  and  the  (fractional)  monomer  feed  ratios 
during  plasma  homo -polymerization  and  co -polymerization,  and  the 
fluorine/carbon  atomic  ratios  of  the  grown  films  determined  by  XPS  For  the 


monomer  feed  ratio,  B  is  benzene  feed  rate  and  F  is  the  OFCB  feed  rate. 


Sample 

OFCB  feed 
rate  (seem) 

Benzene 
feed  rate 
(seem) 

Monomer 
feed  ratio 
{B/(B+F)} 

Fluorine/Carbon 
atomic  ratio  (F/C) 
in  the  films 

Homopolymer  film  of 
benzene  (Sample  B) 

0 

0.177 

1 

0 

Copolymer  film  BF9 

0.5 

0.177 

0.261 

0.23 

Copolymer  film  BF8 

2.5 

0.177 

0.0661 

0.46 

Copolymer  film  BF7 

3 

0.177 

0,0557 

0.47 

Cqdci  1  vni er  flint  RF6 

3 

JL079  . 

.  0.0257 

0,60 

Copolymer  film  BF5 

0.040 

0.0132 

0.62 

Copolymer  film  BF4 

3 

0.013 

0.00431 

0.81 

Copolymer  film  BF3 

3 

0.012 

0.00398 

0.96 

Copolymer  film  BF2 

3 

0.010 

0.00332 

1.25 

Copolymer  film  BF1 

1  3 

0.004 

0.00133 

1.36 

Homopolymer  film  of 
OFCB  (Sample  F) 

3 

0 

0 

1.62 
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Figure  captions 


Fig.  1.  Schematic  diagram  of  the  plasma  enhanced  chemical  vapor  deposition  system. 
For  the  homo-polymerized  films,  the  OFCB  is  introduced  downstream  where  the 
interaction  is  wdth  metastable  argon  ions  in  the  flowing  afterglow  region,  For  co¬ 
polymer  ized  films,  the  OFCB  is  introduced  directly  into  the  plasma  zone. 

Fig.  2.  XPS  survey  spectra  of  (a)  a  PP-benzene  film  and  (b)  a  PP-OFCB  film. 

Fig.  3,  XPS  spectra  are  shown  (a)  for  a  PP-benzene  film,  (b)  after  sputtering  with 
argon  for  10  min,  and  (c)  after  exposure  to  air  for  30  min. 

Fig.  4.  C  'Is~spectra  from  (a)ra~P'P=benzenc"film  showing  the  shake-up  peak,-and"(fr)-a— 
PP-OFCB  film  showing  the  effect  of  fluorine  chemistry. 

Fig,  5,  The  refractive  index  at  632.8  nm  as  a  function  of  the  fluorine/carbon  atomic  ratio 
in  the  deposited  films. 

Fig,  6.  C 1  s  spectra  from  four  of  the  -P-EC-VD  films,  At  the  bottom  is  the  spectrum  of  a 
plasma  homo -polymerized  OFCB  film  (Sample  F).  Then,  there  are  two  spectra  of  the 
plasma  copolymerized  films  (Samples  BF3  and  BF7)  in  order  of  increasing  benzene  in 
the  monomer  feed  ratio  (B/fB+F)}  from  bottom  to  top.  and  at  the  top,  the  spectrum  of  a 
plasma  homo-polymerized  benzene  film  (Sample  B).  The  spectra  have  been  normalized 
and  offset  for  clarity. 

Fig.  7,  The  variations  of  the  structural  species  CFj,  CFj,  and  CF  in  the  plasma  homo¬ 
poly  merited  and  co-polymerized  films  are  shown  in  parts  (a),  (b),  and  (c),  respectively, 
as  a  function  of  monomer  feed  ratio,  B/(B+F). 
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Fig.  8.  Comparison  of  the  transmission  spectrum  of  the  multi-layer  homo-polymer  stack 
(dotted  line)  together  with  the  design  spectrum  (solid  line). 

Fig,  9.  Transmission  for  a  single-aided  6- layer  co-polymer  antireflection  coating  on 
BK7  glass  ♦  f  compared  to  the  coating  design  ■  ,  and  the  uncoated  glass  *. 
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